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Abstract
Quantitative spatial analyses and statistical susceptibility assessments based on road
inventories are often complicated due to the registration of impacts instead of source
areas. A rockfall inventory from the Norwegian Directorate of Public Roads is analysed
spatially in order to investigate potential controlling parameters in the Norwegian county5
Sogn and Fjordane. Quantitative spatial relationships are then used to model rockfall
susceptibility with the help of the Weights-of-Evidence method. The controlling param-
eters tectono-stratigraphic position, quaternary geology, geological lineament density,
relative relief and slope aspect resulted in the best performing model and thus yielded
the basis for the statistical susceptibility map for the entire county of Sogn and Fjor-10
dane. Due to registered impacts instead of sources, the important parameter slope
angle could not be included in the statistical models. Combining the statistical suscep-
tibility model with a physically based model, restricts the susceptibility map to areas
that are steep enough to represent a potential rockfall source. This combination makes
it possible to use road inventories, with registered impacts instead of sources, for sus-15
ceptibility modelling.
1 Introduction
Landslide inventories compiled by road authorities contain often the most comprehen-
sive records, but are in many cases limited to registered impacts on the roads, lacking
information about the source areas. This complicates quantitative spatial analyses of20
these inventories with respect to their controlling parameters depending on the res-
olution of the latter. Especially parameters originating from a digital elevation model
(DEM), like slope angle, curvature, roughness or elevation itself, often have a resolu-
tion that is smaller than the distance between source and deposition area of landslides.
Analysing the slope angle distribution for registered events of a road inventory, will in25
many cases yield too low slope angles. However, many studies indicate that a steep
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slope is the principal pre-disposing factor for landslide processes especially rock slope
failures (e.g., Aleotti and Chowdhury, 1999; Blais-Stevens et al., 2012; Erener and
Düzgün, 2010; Kayastha et al., 2012b; Marzorati et al., 2002; Neuhäuser et al., 2012;
Shirzadi et al., 2012). Quantitative spatial analyses result thus often in a susceptibility
map reproducing a slope-angle map. On the other hand, a steep slope angle is a phys-5
ical requirement for the presence of rock slope failures and using physically based ap-
proaches to define a relation between slope angle and the occurrence of landslides is
thus much more appropriate. Hence, we propose an approach using a physical model
to determine possible rockfall source areas and to update these source zones with rela-
tive susceptibilities obtained from a statistical model. This integration of statistically and10
physically based rockfall susceptibility models makes it possible to use road inventories
with registered data points at deposits for the calculation of susceptibility maps.
The data basis of this study forms a rockfall inventory from the Norwegian Direc-
torate of Public Roads. Rockfalls are a frequent hazard in Norway, especially within
the Alpine topography of the coastal fjord areas. Steep slopes in combination with un-15
favourable climatic conditions, like heavy seasonal precipitation, intense snowmelt in
spring and long frost periods, increase the vulnerability for rock slope failures in these
regions (Blikra et al., 2006; Saintot et al., 2011). However, these might not be the sin-
gle parameters controlling the spatial distribution of rockfalls. Jaboyedoff et al. (2005)
give an overview on factors influencing rock slope instability, grouped into external20
and internal parameters. Various studies investigate rockfall locations with respect to
their controlling parameters statistically (e.g., Duarte and Marquínez, 2002; Ruff and
Czurda, 2008; Tanarro and Muñoz, 2012), or try to predict rockfall source areas by the
means of different statistical or probabilistic modelling techniques on a regional scale,
resulting in susceptibility maps (e.g., Blais-Stevens et al., 2012; Frattini et al., 2008;25
Marquínez et al., 2003; Marzorati et al., 2002; Shirzadi et al., 2012; Zahiri et al., 2006).
However, the number of quantitative statistical susceptibility studies focusing specif-
ically on rockfall is still very limited in comparison to those studying other landslide
types or landslides in general, which has become very popular using GIS. Also Fell
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et al. (2008) and van Westen et al. (2005) emphasize that it is necessary to study the
susceptibility of different types of landslides separately due to the specific parameters
controlling their failure mechanism.
Up to now studies of unstable rock slopes in Norway are mainly directed towards
site-specific research of large instabilities (e.g., Böhme et al., 2011; Braathen et al.,5
2004), but not towards quantitative regional scale investigations. Only few studies dis-
cuss some more regional aspects of unstable rock slopes. For example, Blikra et al.
(2006) describe a clustering of rockslides in specific zones of Norway, but do not in-
clude the underlying reasons in this spatial approach. Saintot et al. (2011) and Hen-
derson and Saintot (2011) describe a link between rock slope instabilities in western10
Norway and ductile and brittle structures, but these studies are not based on quan-
titative analyses. Bjerrum and Jørstad (1968) and Sandersen et al. (1996) highlight
a meteorological influence on rockfalls by applying simple binary statistics of historical
events. In contrast, Dunlop (2010) investigated the relation between rock slope fail-
ures and meteorological conditions as well as topography and geology quantitatively15
applying Weights-of-Evidence based susceptibility mapping for a region in southwest-
ern Norway (Hordaland and Sogn and Fjordane Counties). Furthermore, Erener and
Düzgün (2010) present a statistically based susceptibility map of landslides for western
Norway (Møre and Romsdal County) applying different regression methods. However,
their focus is strongly on the mathematical methodology, and not on the input data and20
geological model. In addition, a lack of detailed knowledge about the local geological
conditions as well as the used inventory is obvious.
The primary objective of this study is to determine the controlling parameters in-
volved in the development of rockfalls in western Norway with the help of a quanti-
tative spatial analysis. Furthermore, the possibility to use a road inventory with clear25
limitations for quantitative spatial analyses is investigated. Therefore the Weights-of-
Evidence method is here first used as an explanatory tool, helping to quantify the rela-
tion between rockfalls and certain controlling parameters and second to produce a sta-
tistically based rockfall susceptibility map. The results provide a better understanding
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of the spatial distribution of rockfalls in western Norway and the underlying reasons for
their development. At last, the statistical susceptibility map is intersected with physi-
cally determined potential rockfall source zones (Derron, 2010) in order to obtain the
final rockfall susceptibility map.
2 Study area5
The study area comprises the entire county of Sogn and Fjordane, covering 18 607 km2
of land area (Fig. 1). Historical data and geological studies show a high concentration
of post-glacial gravitational slope failures as well as current rock slope instabilities in
the Norwegian county Sogn and Fjordane, situated in western Norway (Blikra et al.,
2006; Böhme et al., 2011; Saintot et al., 2011). This lead to several studies focusing10
on current rock slope instabilities in this county and geological knowledge about rock
slope instabilities in these regions was largely extended (Böhme et al., 2011; Hermanns
et al., 2011; Saintot et al., 2011).
The restriction to a county instead of using natural borders, the latter probably being
more appropriate for modelling a natural process, was chosen due to the division of15
the Norwegian Directorate of Public Roads on a county base. In order to obtain the
best possible homogeneity in the data, it is reasonable to use the limits of a county as
the limits of the study area. Nevertheless, it is impossible to reach perfect homogeneity
because of the subjective registration of rockfall events by different individuals.
3 Susceptibility assessment20
Assuming that future landslides of any type will occur under similar geological and ge-
ometrical circumstances as past landslides of the same type have occurred, it is pos-
sible to study a landslide inventory in combination with several influencing factors and
to analyse their spatial relation in order to prepare susceptibility maps (Guzzetti et al.,
85
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
1999). Various GIS-based statistical analysis methods as well as quantitative predic-
tion models for landslide susceptibility or hazard have been proposed and applied in
the literature. Introductions and overviews of quantitative statistical methods for land-
slide susceptibility or hazard assessment can be found in Brenning (2005); Chung and
Fabbri (2003); Guzzetti et al. (1999); Guzzetti (2005); Hervás and Bobrowsky (2009);5
Soeters and vanWesten (1996) and vanWesten (2000). New methods or modifications
of existing ones are consistently developed or applied (e.g., Erener and Düzgün, 2010;
Hasekioğulları and Ercanoglu, 2012; Kayastha et al., 2012a; Sezer et al., 2011). How-
ever, there is the tendency to more and more complicated mathematical models, that
are certainly powerful, but their physical significance is difficult to understand and those10
models tend to be black boxes for the standard user which makes it difficult to control
the model (Leroi, 1996). With respect to quantitative statistical rockfall susceptibility
prediction, namely discriminant analysis (Frattini et al., 2008), logistic regression (Mar-
quínez et al., 2003; Marzorati et al., 2002; Shirzadi et al., 2012), Weights-of-Evidence
(Zahiri et al., 2006) and fuzzi logic (Blais-Stevens et al., 2012) have been applied. In15
this study the Weights-of-Evidence method is used to quantify the spatial relation be-
tween rockfalls and their controlling parameters in order to finally compute a suscepti-
bility map for rockfalls in the county Sogn and Fjordane. Our focus is hereby not on the
mathematical methodology and explains thus the usage of a mathematical relatively
simple model.20
3.1 Weights-of-Evidence method
The Weights-of-Evidence method was first applied to spatial geoscientific questions
by Bonham-Carter et al. (1989). They combined spatial evidences for mineral deposits
and produced predictive mineral potential maps. The Weights-of-Evidence method is
a probabilistic method that uses known occurrences of a feature, termed as inventory25
within this study, to quantify spatial associations between these features and the con-
trolling parameters that cause the features to occur (Bonham-Carter et al., 1989). Orig-
inally, the Weights-of-Evidence method was developed as a binary approach, but in this
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study the extended Weights-of-Evidence method as introduced by Porwal et al. (2001)
using multi-class controlling parameters was applied. The primary aim of the Weights-
of-Evidence method is to weight and finally combine several controlling parameters,
in order to get a prediction for the occurrence of a considered feature. However, in
this study it is primarily used as an explanatory tool in order to investigate the spatial5
relations between rockfalls and their controlling parameters. The Weights-of-Evidence
method has been widely applied for landslide studies (e.g., Armaş, 2012; Kayastha
et al., 2012b; Lee et al., 2002; Neuhäuser et al., 2012; van Westen et al., 2003), but
only limited for rockfalls explicitly (Zahiri et al., 2006).
Agterberg et al. (1990); Bonham-Carter et al. (1989) and Bonham-Carter (1994)10
give comprehensive descriptions of the mathematical formulation of the Weights-of-
Evidence method. This method is well-known, and therefore only a basic introduction
is given here.
In general, the Weights-of-Evidence method uses the theory of conditional probabil-
ity, namely the rule of Bayes. It is based on the fact that the probability of an event, in15
this case a rockfall, will depend upon several circumstances. Weights are calculated
for each controlling parameter class in order to quantify their strength of spatial in-
fluence on rockfall susceptibility, considering both the absence and presence of each
controlling parameter class. Assuming that all rockfalls are known, probabilities can
be estimated as simple volume proportions. The working formulas for calculating the20
weights are consequently the following:
W + = ln
(
N{R ∩Xi}/N{R}
N{R ∩Xi}/N{R}
)
(1)
W − = ln
(
N{R ∩Xi}/N{R}
N{R ∩Xi}/N{R}
)
(2)
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where N{R ∩Xi} denotes the number of cells containing a rockfall event R and belong-
ing to parameter class Xi . R and Xi indicate the absence of a rockfall or parameter
class, respectively.
The calculated weights W +/− provide a measure of spatial association between the
inventory and each controlling parameter class. A positive W + predicts that there are5
more rockfalls on that controlling parameter class than would occur pure randomly; con-
versely a negative W + predicts that fewer rockfalls occur than expected. The absolute
value of the weights expresses how strong the spatial association between inventory
and controlling parameter class is. The larger the absolute value, the stronger is the
spatial association. A value of zero, or very close to zero, predicts that the rockfalls are10
distributed randomly with respect to that controlling parameter class.
In addition, the studentised contrast stud(C) serves as a measure about the statis-
tical significance of the spatial association between the inventory and each controlling
parameter:
stud(C) =
C
σ(C)
(3)15
where the contrast C =W +−W − and σ(C) is an approximation of the standard deviation
of C, (see Agterberg et al., 1990 and Bonham-Carter et al., 1989 for its estimation). It
is recommended that the modulus of the studentised contrast stud(C) should be larger
than 2 for a significant spatial association (Bonham-Carter, 1994). Weights and stu-20
dentised contrasts are calculated for each controlling parameter class based on the
Weights-of-Evidence method with the help of the Esri ArcGIS toolbox “Spatial Data
Modeller” (Sawatzky et al., 2009) and used to quantify the spatial relationship. The
controlling parameters that have a significant spatial relation to the occurrence of rock-
falls are selected and reclassified according to the analysis results in order to produce25
a susceptibility map. This reduction of classes is necessary in order to increase the
statistical robustness of the weights (Bonham-Carter, 1994). The different controlling
parameters can finally be combined based on the calculated weights assuming condi-
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tional independence in between the parameters by updating the prior logit logit{R} to
the posterior logit:
logit{R/X1 ∩X2 ∩ . . .Xn} = logit{R}+
n∑
j=1
X+/−j (4)
for j = 1 to n, where n is the total number of considered controlling parameters. “Logit”5
is defined as the natural logarithm of the ratio of the probability with that an event will
occur to the probability that it will not occur. The posterior probability P {R/X1 ∩X2 ∩
. . .Xn} or susceptibility can finally be obtained by back-transformation of the posterior
logits into real probability values:
P {R/X1 ∩X2 ∩ . . .Xn} =
elogit{R/X1∩X2∩...Xn}
1+elogit{R/X1∩X2∩...Xn}
(5)10
3.2 Validation of susceptibility maps and test of conditional independence
Success rate and prediction rate curves were used to evaluate the predictive power
of the susceptibility map based on the time partition method as proposed by Chung
and Fabbri (2003). In addition, the comparison of success rate curves from different15
susceptibility maps, based on different parameter combinations, has been used in order
to select the best performing model. Success rate curves display how many of the
analysed rockfalls are successfully detected by the susceptibility map. The steeper the
curve, the better is the model efficiency.
The overall conditional independence was tested by comparing the number of ob-20
served rockfalls N{R} to the number of predicted rockfalls N{Rp}. Given conditional
independence, the number of both should be equal. Bonham-Carter (1994) suggests
that the ratio N{R}/N{Rp} should be > 0.85.
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3.3 Combined statistical-physical susceptibility map
A rockfall susceptibility map has been previously produced for entire Norway separat-
ing between potential source areas and propagation zones (Derron, 2010). This map
is based on a slope analysis method as proposed by Loye et al. (2009), resulting in
slope angle thresholds which are potentially unstable and could lead to rockfall. These5
thresholds depend on the slope angle, DEM cell size, type of bedrock and outcropping
conditions. The main limitation of this rockfall susceptibility map is the limited resolu-
tion of the used DEM with a 25m cell size. Small-sized rock cliffs can thus be missed
during the detection of source cells. Furthermore, these maps are just displaying po-
tential source areas without any associated probability of rockfall release. The obtained10
probabilistic susceptibility map was thus used to update the rockfall source areas with
a relative probability. At the same time, the probabilistic susceptibility map is with this
step restricted to the potential source areas and includes thereafter only areas that are
actually steep enough to cause rockfalls.
4 Inventory15
The national database of rapid mass movements in Norway is the result of joining four
independent databases into one within the GeoExtreme project (Jaedicke et al., 2008,
2009). This database differentiates between five landslide types, namely rockslides,
debris slides, snow avalanches, sub-aqueous slides and icefalls. The majority of regis-
tered landslides are from the Norwegian Directorate of Public Roads including all types20
of events that affected a road. For this study only events registered from the Norwegian
Directorate of Public Roads within the category “ROCKSLIDE” and with a “RELEASE
AREA” equal to “OPEN SLOPE” or “UNKNOWN” were extracted. Events in the cate-
gory “ROCKSLIDE” represent almost exclusively rockfalls. In addition, points that are
located within tunnels have been eliminated. This results in an inventory containing25
3259 rockfall events spanning a time period from 1973 until 2012 for the county of Sogn
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and Fjordane. This dataset was divided into two subsets for validating the susceptibility
map. The breakpoint was set to the end of the year 2002, because there was a reor-
ganisation of the Norwegian Directorate of Public Roads incorporating changes in the
division and potential changes in registration routines starting from 2003. Events older
than this date were used as training data and events that occurred after the breakpoint5
are used as validation data.
There are several limitations applying for this database. It is a matter of course that
all registered events are limited to public roads, but there is also no uniform registra-
tion of events along the public roads. The quality and completeness of data is strongly
influenced by the internal division into road districts and personal abilities of the lo-10
cal observers. There exist no mandatory guidelines for the registration of events and
whether an event will be registered or not depends basically on individuals. This results
in a partially incomplete and biased database, both with respect to the area covered
and to the time period investigated. In addition, registered locations are points where
the rockfalls hit the road, but there exist no spatial information about the source area.15
In some cases, the registered points may even only be midpoints of a certain road
section. However, it was not possible to obtain more detailed information about this
conflict.
This study investigates rockfalls only spatially and temporal inconsistencies are thus
not important. However, the severe spatial restrictions have been dealt with the follow-20
ing approaches. The first limitation, that the registrations are limited to public roads,
has been solved by restricting the study area for the spatial analysis to a 1 km buffer
around the road network, called training area in the following. The analysis results
have then been used to predict rockfall susceptibility of the entire study area covering
the complete county, assuming that the smaller training area is representative for the25
variability of the entire study area (Aleotti and Chowdhury, 1999; Dunlop, 2010; van
Westen, 2000). The training area is covering 4290 km2, corresponding to 3058 road
km and the study area covers 18 607 km2. On average there is 1 rockfall event per road
km and 0.5 events per km2 of the training area (Table 1).
91
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
The second limitation, the registered impacts on the road instead of the source ar-
eas will not have an effect for most geological information, since their resolution is lower
than the distance between source and impact of a rockfall. For example the used ge-
ological maps have a scale of 1 : 250000. This would mean that 1mm on the map is
equivalent to 250m in the field. Dunlop (2010) defined the source areas of 98 rock-5
slides recorded in the same database in a test area in Sogn and Fjordane. His results
demonstrate that the average distance between source zone and impact on the road
is 77m, which is less than the resolution of most data used. However, major problems
are expected analysing the DEM with a 25m resolution and corresponding derivatives
of it in the statistical analysis.10
5 Parameters
A large set of potential controlling parameters has been spatially analysed with the
help of the Weights-of-Evidence method. However, only the parameters that have most
influence have been used for mapping the final susceptibility.
5.1 Bedrock geology15
The bedrock of western Norway consists mainly of Lower Palaeozoic and Precambrian
metamorphic rocks. The rocks of the study area have undergone intense reworking by
a general NW–SE oriented crustal shortening during the Caledonian Orogeny, resulting
in a thrust sheet transport towards SE onto the Precambrian basement (Roberts and
Gee, 1985). The geological setting can be divided into three units, the Precambrian20
basement, the Caledonian nappes and Devonian sedimentary basins including a wide
range of lithologies.
The basis for the geological parameters formed the 1 : 250000 bedrock map of the
Geological Survey of Norway (NGU Berggrunnskart). The original vector map was con-
verted to a raster with 25m cell size. Three different reclassifications were completed25
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based on (1) the rock type, (2) the tectono-stratigraphic position and (3) the metamor-
phic grade. The first reclassification is based on the relative competence of each rock
type in the study area based on experience from fieldwork and is resulting in seven
classes:
(1) Granular sedimentary rocks, plutonic rocks, felsic foliated rocks, mafic and ul-5
tramafic rocks, metamorphic rocks with low mechanical strength (like amphibolites,
schists and micaschists), quartzite and marble (Fig. 2a)
The second reclassification is founded on the fact that tectonic deformation, thus the
tectonic weakening is higher in the nappes than in the basement. This classification
is not completely definite, since there exist different opinions about the affiliation of10
rock units to the different positions (Kildal, 1970; Ragnhildstveit and Helliksen, 1997;
Sigmond, 1999; Solli and Nordgulen, 2008; Tveten et al., 1998). Therefore, different
classifications have been analysed here and finally the classification displaying highest
significance and largest weights has been used. The following tectono-stratigraphic
positions are represented in the study area:15
(2) Autochthon, lower allochthon, middle allochthon, upper allochthon, uppermost
allochthon and Devonian sediments (Fig. 2b)
The third reclassification with respect to the metamorphic grade is based on the
geological map of the Fennoscandian Shield at a scale of 1 : 2 million (Koistinen et al.,
2001), resulting in four classes:20
(3) No, low, medium and high metamorphic grade (Fig. 2c)
5.2 Quaternary geology
In this study, the spatial relation in between the occurrence of rockfalls and landslide
deposits as well as bare rock outcrops have been analysed (Fig. 2d). These features
were extracted from the quaternary map of the Geological Survey of Norway (NGU25
Løsmassekart), which is a mosaic of various scales, but mainly on a scale of 1 : 250000
and 1 : 50000 for the study area. The original vector map was used as a raster with
25m cell size.
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5.3 Tectonic structures
A significant amount of tectonic events affected the bedrock of western Norway, in-
cluding the ductile Caledonian Orogeny, the semi-ductile post-orogenic collapse and
also brittle tectonics, like the Permo-Triassic and Jurassic rifting phases; all together
resulting in a high density of brittle, ductile and semi-ductile structures.5
Two different sources of lineament maps have been available for this study:
– Geological lineaments from the bedrock map, mainly including thrusts and major
faults at a scale of 1 : 250000 (Fig. 2e and f; NGU Berggrunnskart).
– Geomorphological lineaments from Gabrielsen et al. (2002) based on satellite
image (Landsat 7) interpretation at a scale of 1 : 750000 (Fig. 2g and h).10
All lineament maps were used in form of a density grid as well as a distance-to-
closest-lineament grid, both with 25m cell size.
5.4 Neotectonics
5.4.1 Present day uplift
Different geodetic data exhibit a high-rated present-day uplift in western Norway (Fjeld-15
skaar et al., 2000; Kierulf et al., 2013; Olesen et al., 2000; Vestøl, 2006). Whereas the
general trend of uplift is assumed to be a result of glacial isostasy, there exists a de-
bate about the contribution of potential neotectonic processes (Bungum et al., 2010;
Fjeldskaar et al., 2000; Olesen et al., 2000). Uplift and uplift gradient maps from Kierulf
et al. (2013) have been used for statistical analysis (Fig. 2i and k).20
5.4.2 Seismicity
Norway has a low to intermediate seismic intensity (Fjeldskaar et al., 2000). A concen-
tration of earthquake activity is found west of mid-Norway, reflecting a rifted passive
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continental margin (Bungum et al., 2000). The used earthquake catalogue, produced
by NORSAR (Norwegian Seismic Array), is covering the time span from 1750 until
2007 (Dehls et al., 2000; Olesen et al., 2000). It contains 566 registered events with
a magnitude MS ≥ 2 for western Norway and adjacent areas, whereof 6 events have
a magnitude MS ≥ 5. In order to investigate the potential relation between earthquakes5
and rockfalls, earthquake density maps were calculated applying a search radius of
50 km and weighting each event with respect to its energy. Seismic energies E have
been derived from magnitudes MS based on the equation proposed by Gutenberg and
Richter (2010):
logE = 1.5MS +11.8 (6)10
The earthquake density raster is mainly influenced by the earthquakes with MS ≥ 4
(Fig. 2l).
5.5 Topography and derived parameters
The topography of western Norway is strongly influenced by the quaternary glaciations.15
Coastal islands, long U-shaped valleys and many deep fjords with steep slopes are
dominating landforms. This steep terrain in combination with heavily fractured exposed
bedrock indicates that this area is susceptible to rockfall.
A digital elevation model with a cell size of 25m forms the basis for different topo-
graphic parameters like slope angle, slope aspect, planar and profile curvature, rough-20
ness and relative relief (e.g. Fig. 2m and n). Slope angle, slope aspect and curvature
are calculated with standard Esri ArcGIS procedures by fitting a plane to the elevation
values of a 3×3 cell neighbourhood around the corresponding cell (Horn’s method).
The slope angle for this plane is calculated with the average maximum technique and
the aspect is the direction the plane faces (Burrough and McDonnell, 1998). The cur-25
vature is the second derivative of the fitted plane. Local roughness has been assessed
with the local standard deviation of the elevation values within a 9×9 moving window.
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The relative relief has been calculated by determining the difference between minimum
and maximum elevation within a moving circular window of 5 km radius.
5.6 Climate
The climate of western Norway displays large variations in between the coastal ar-
eas and the areas with high relief further inland. The coastal area of the study area5
includes the areas with the largest normal annual precipitation (3770mm) as well as
the highest normal annual temperatures (7.47 ◦C) of entire Norway. By contrast, the
mountain areas, exhibit large areas with annual temperatures of −4 ◦C or less repre-
senting the lowest annual temperatures. The precipitation is essentially influenced by
the large weather systems mainly coming from west, resulting in a zone of maximum10
precipitation along the coast and the mountain front.
Climatic normals of annual mean temperature and annual total precipitation for the
period 1961–1990 were obtained from the Norwegian Meteorological Institute (Fig. 2o
and p; Tveito et al., 2000).
6 Results of the spatial analysis15
Ordered continuous parameters where classified in 40 equal classes for the spatial
analysis. Weights (W + and W −) and studentised contrasts stud(C) were calculated
for all controlling parameters class-wise and for some parameters additionally cumula-
tively from lowest to highest class (ascending) and highest to lowest class (descending)
(Fig. 3). These cumulative calculations allow defining a value where the parameters20
have no influence on rockfall anymore. The cumulative ascending weight calculation
has been used for controlling parameters where low threshold values are expected
to have a spatial influence on rockfalls, like the distance to lineaments. Cumulative
descending weight calculation has been used for controlling parameters where high
threshold values are expected, like seismicity, uplift, lineament density and precipita-25
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tion. All spatial analyses were done within the training area, thus within a road buffer of
1 km.
6.1 Bedrock geology
Analyses results of the bedrock geology indicate that only felsic foliated rocks have an
increased susceptibility for rockfalls, whereas sedimentary rocks, metamorphic rocks5
with low mechanical strength, plutonic rocks and quartzite are significantly decreasing
the susceptibility for rockfall (Table 2). However, the positive relations have only low
weights in contrast to the negative relations, where a W + of −1.19 for sedimentary
rocks is displaying one of the largest absolute values of the calculated weights for all
parameters. Mafic and ultramafic rocks as well as marble have no significant relation to10
the occurrence of rockfalls. This is in contrast to Saintot et al. (2011), who claimed that
metamorphic rocks with low mechanical strength as well as mafic and ultramafic rocks
are particularly prone to rock slope failures. They observed that mafic and ultramafic
rocks in western Norway are strongly weathered and highly fractured, yielding to larger
numbers of rock slope instabilities. The positive relation of rockfalls to felsic foliated15
rocks may instead highlight that the structural control is larger than any lithological
control on the development of rockfalls.
The analysis results of the tectono-stratigraphic positions indicate that only the mid-
dle allochthon has a significant positive relation with the occurrence of rockfalls (Ta-
ble 2). The other units have all significant negative relations to the occurrence of rock-20
falls, except the uppermost allochthon. These results do not confirm the original as-
sumption that the tectonic weakening, which is higher in the nappes than in the base-
ment, may be a cause for higher rockfall activity.
Analysing the influence of the metamorphic grade on the occurrence of rockfalls
yields a small positive relation to a high metamorphic grade and a negative relation to25
no, low and medium metamorphic grade (Table 2).
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6.2 Quaternary geology
The spatial analysis of landslide deposits and bare rock outcrops with respect to the
occurrence of rockfalls, exhibits a strong positive correlation of landslide deposits to
rockfalls and a medium positive correlation of bare rock outcrops to rockfalls (Table 2).
These results highlight the strong influence of the registered impacts on the road in-5
stead of the source areas. For registered source areas a larger positive correlation to
bare rock than landslide deposits would be expected. However, present landslide de-
posits may highlight active rock cliffs and are thus yielding valuable information in order
to define rockfall susceptibility.
6.3 Tectonic structures10
Geologic lineament density indicates a positive spatial relation to the occurrence of
rockfalls for high densities and a negative relation for low densities (Fig. 3a). In addi-
tion, the analysis exhibits less rockfalls in the vicinity of tectonic lineaments. Rockfalls
occur preferentially within a distance of 1400 to 3800m from a geological lineament.
However, it is questionable if the lineaments can theoretically still have an influence15
on rock slope stability at those large distances. Theoretically an increasing lineament
density or a closer distance to lineaments are assumed to cause a higher amount of
fractures and subsequent an increased weathering, both reducing the rock strength
(Ambrosi and Crosta, 2006; Brideau et al., 2005). The geomorphic lineament map dis-
plays no clear relation in between lineament density nor distance to lineaments and the20
occurrence of rockfalls.
6.4 Neotectonics
6.4.1 Present day uplift
The analyses of the uplift grid indicates a positive spatial relation to the occurrence
of rockfalls for medium to high uplift values, but negative relations for low and very25
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high uplift values (Table 2, Fig. 3b). Regional uplift can theoretically be the cause for
an increased relief and, therefore, may negatively affect the stability of rock slopes
(Galadini, 2006; Martino et al., 2004). However, it remains unclear, which effect the
amount of uplift has. The relation in between uplift gradient and the occurrence of
rockfalls exhibits a negative relation for low uplift gradients and a positive relation for5
medium to high gradients (Table 2, Fig. 3c).
6.4.2 Seismicity
Seismicity may represent a potential trigger of rockfalls (e.g., Keefer, 1984; Marzorati
et al., 2002) or may lead to rock mass strength reduction as a long term predisposing
factor (Jaboyedoff et al., 2003). In the study area the seismicity on land is in general10
too low in order to trigger rockfalls (Keefer, 1984) and it should primarily be considered
as a long term predisposing factor. However, the analysis results of earthquake density
do not indicate any clear relation in between the location of rockfalls and earthquakes.
6.5 Topography
As described above the registered impacts on the road instead of the source areas15
cause major problems when analysing the DEM or derivatives of it, like resulting in pos-
itive spatial relations of rockfalls to low slope angles, planar or profile curvature around
zero as well as low roughness values. Those properties can consequently not be used
for describing relations to the occurrence of rockfall sources. However, the analyses of
relative relief and slope aspect resulted in statistically and geologically significant spa-20
tial relations. Areas with a relative relief larger than 1020m but smaller than 1620m are
prone to rockfalls, for areas with lower or higher relief the rockfall susceptibility is de-
creasing (Table 2, Fig. 3d). In addition, it can be demonstrated that a slope aspect from
206◦ to 332◦ (SW–NW) is prone to develop rockfalls, whereas other slope orientations
have a negative relation to the occurrence of rockfalls (Table 2, Fig. 3e). A small positive25
correlation is also found for a slope aspect from 107 to 134◦ (ESE–SE). As described
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above the climate in the study area is primarily influenced by large weather systems
mainly coming from west. This results in a larger exposure of west-facing slopes to
precipitation. However, this cannot be the only reason, since the spatial relation be-
comes less clear when analysing the general valley trends with a coarser grid. These
slope orientations experience also the most intense melt water production, because of5
the combined favoured exposure to wind and solar radiation (Sandersen et al., 1996).
On the other hand, Bjerrum and Jørstad (1968) and Sandersen et al. (1996) state that
frost shattering is the most important factor for rockfalls in Norway. Diurnal freeze and
thaw cycles are in general most effective on slopes facing SE to SW (Baillifard et al.,
2004; Matsuoka and Sakai, 1999; Santi et al., 2009), however frost weathering of rocks10
depends on more factors than solely temperature and solar radiation (Matsuoka and
Murton, 2008; Matsuoka, 2008).
6.6 Climate
A strong negative spatial correlation in between the occurrence of rockfalls and normal
annual average temperatures lower than 0.5 ◦C has been identified. Higher tempera-15
tures, however, do not have any clear spatial relation to the occurrence of rockfalls.
Low normal annual total precipitation values are increasing the rockfall susceptibility,
and very low values below 740mmyr−1 as well as values above 1100mmyr−1 have
a negative relation to the occurrence of rockfalls (Fig. 3f). Sandersen et al. (1996) state
that the precipitation is one of the most significant factors controlling rockfalls besides20
freeze-thaw cycles. However, this cannot be confirmed by analyzing normal annual
values. It might be rather extreme events that have an influence on the development of
rockfalls.
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7 Resulting susceptibility maps
Controlling parameters that have a clear and significant spatial relation to the occur-
rence of rockfalls were selected and regrouped into fewer classes, based on observed
relations, so that the groups represent coherent relations with respect to the occurrence
of rockfalls. Breakpoints that maximise the spatial association between rockfalls and5
controlling parameters and that are statistically significant have been identified based
on calculated weights (W + and W −) and studentised contrasts stud(C). The final clas-
sifications with the corresponding weights are summarized in Table 2. These controlling
parameter maps were used to produce susceptibility maps based on the Weights-of-
Evidence method for the training area. More than 50 different susceptibility maps with10
different parameter combinations were produced, testing the influence of each con-
trolling parameter. Conditional independence was tested for all models and models
where this assumption was violated were rejected. The model with the best perfor-
mance was defined based on success rate curves and validated with a prediction rate
curve (Fig. 4a). This model includes the controlling parameters tectono-stratigraphic15
position, quaternary geology, geological lineament density, relative relief and slope as-
pect and has an area under the success rate curve of 0.75. Success and prediction rate
curves are very similar; however, it is noticeable that the success rate curve is slightly
lower than the prediction rate curve. This is in general the opposite since the success
rate curve is obtained using the data with that the model was calculated, whereas for20
the prediction rate curve the validation data is used, that has not been included for
producing the model. It indicates that the validation data fits the model better than the
training data. The prediction rate curve reveals that the model detects 70% of rockfalls
from the validation data set within 30% of the training area.
Finally, a susceptibility map was calculated for the entire land area of the study area25
using the model obtained and validated within the training area (Fig. 5a). The final
susceptibility map is characterized by in general lower susceptibilities close to the coast
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and higher susceptibilities further inland. In addition, an increasing susceptibility from
north to south can be observed.
Especially the entire inner fjord system of Sogne Fjord displays higher rockfall sus-
ceptibilities. At last the obtained susceptibility map was intersected with the source
areas from the physically based rockfall susceptibility map (Fig. 5b and Fig. 6). The5
resulting susceptibility map is now restricted to areas that are steep enough to gener-
ate rockfalls. This is an important step, because the slope angle has not been included
into the model so far. The physically determined rockfall source areas are now updated
with relative probabilities.
8 Discussion10
It has been questioned whether the existing slope failure inventory in Norway is suit-
able for statistical analysis or not because of its strong restrictions, mainly temporal and
spatial discontinuity and incompleteness. However, temporal and spatial censoring of
data is a problem that most inventories face including underreporting of data, incom-
plete data, inadequate sample time intervals or protective measures in high susceptible15
zones (Hungr et al., 1999). This study aimed to investigate the feasibility of statistic and
probabilistic methods for analysing the inventories existing in Norway focusing on rock
slope failures. The results confirm that the existing data in fact can be used to gain
further knowledge about the controlling factors for rock slope failures in Norway based
on statistical analysis in spite of strong restrictions. The results are robust with respect20
to changes of the study area as well as of the inventory and the restrictions have thus
a limited influence. This study demonstrated the possibility of using road inventories for
statistical analyses and should encourage for further analysis of the remaining inven-
tory covering entire Norway in order to study regional variations within the controlling
parameters.25
Even if this study claims to be quantitative, a certain degree of subjectivity remains,
when choosing the parameters for the final susceptibility map. Spatial relations of the
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controlling parameters were judged based on expert knowledge whether they are ge-
ologically reasonable or not. Detailed geological knowledge about the study area is
always required in order to be able to produce credible susceptibility maps. This small
scale susceptibility map should be primarily used as a first order susceptibility map in
order to detect hot spot areas, where critical factor combinations occur. More detailed5
investigations should be performed in areas that were identified as especially critical so
that more precise susceptibility maps and additionally hazard maps can be prepared.
By replacing probabilities with relative frequencies it must be assumed that all rock-
falls are known and the applied methods are thus strongly dependent on the complete-
ness of the inventory (Schaeben, 2012). This is however assumed to be not the case10
for this study and will thus lead to an underestimation of the prior probability result-
ing in a bias of the weights as well as the final susceptibility (Agterberg and Cheng,
2002). Furthermore, the calculation of the susceptibility map with help of the Weights-
of-Evidence method depends on the assumption of conditional independence. How-
ever, even if the tests for conditional independence do not reveal a strong violation of15
this assumption, a certain degree of conditional dependence will always be present in
natural applications. Conditional dependence will lead to an overestimation of the final
susceptibility. Based on our experience Weights-of-Evidence is a very powerful method
for data exploration, but its application is limited for combining datasets to a suscepti-
bility map due to the multiple assumption of conditional independence (Böhme, 2007;20
Schaeben, 2012). As logistic regression is closely related to Weights-of-Evidence, but
not based on the assumption of conditional independence, this method yields a good
alternative in generating susceptibility maps (Hosmer and Lemeshow, 2000). How-
ever, applying logistic regression with the same controlling parameters within the train-
ing area, results in a very similar susceptibility map as with the Weights-of-Evidence25
method, but in total with larger posterior probabilities. Success rate curves display that
the results from both methods yield comparable predictabilities (Fig. 4a) and suscep-
tibilities are thus most likely not over estimated by the Weights-of-Evidence method.
Resulting posterior probabilities are in general very low with the highest posterior prob-
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ability of 0.0027 for the source zones. For comparison, the prior probability for rockfalls
in the study area is 0.0001 for each cell.
9 Conclusions
The spatial relationship between rockfall occurrence and potential controlling param-
eters in the county of Sogn and Fjordane has been evaluated using the Weights-of-5
Evidence method. Quaternary geology, tectono-stratigraphic position and geological
lineament density have the strongest spatial relation to the occurrence of rockfalls in
the study area (Table 2). A rockfall susceptibility map for the entire county of Sogn and
Fjordane could be calculated based on the results of the statistical analyses of the
controlling parameters. The model with best performance includes the controlling pa-10
rameters tectono-stratigraphic position, quaternary geology, geological lineament den-
sity, relative relief and slope aspect. Combining the statistical susceptibility model with
a physically based model restricts the susceptibility map to areas that are steep enough
to represent a potential rockfall source. This combination makes it possible to use road
inventories, with registered impacts instead of sources, for susceptibility modelling.15
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Table 1. Statistics about the rockfall events along the roads and within the training area.
Number of per road per km2 of
rockfall events km the training area
Minimum 0 0
Maximum 166 201
Average 1.05 0.54
Standard deviation 5.02 3.43
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Table 2. Overview of classified controlling parameters used to calculate the susceptibility maps
and their spatial association with the occurrence of rockfalls. In italics: parameter classes that
are statistically not significant. In bold: controlling parameters that are included in the best
performing susceptibility model.
Parameter Parameter class Area Number of rockfalls W + σ(W +) W − σ(W −) C σ(C) stud(C)
[km2]
Rock type
Granular sedimentary rocks 257 50 −1.36 0.14 0.05 0.02 −1.41 0.14 −9.89
Metamorphic rocks with low mechanical strength 905 533 -0.25 0.04 0.06 0.02 -0.31 0.05 -6.61
Felsic foliated rocks 2296 2179 0.22 0.02 −0.34 0.03 0.56 0.04 15.08
Plutonic rocks 657 426 −0.16 0.05 0.03 0.02 −0.18 0.05 −3.56
Mafic and ultramafic rocks 8 7 0.10 0.38 0.00 0.02 0.10 0.38 0.26
Marble 1 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Quartzite 165 64 −0.67 0.13 0.02 0.02 −0.69 0.13 −5.49
Tectono-
stratigraphic
position
Lower allochton 1463 704 −0.46 0.04 0.17 0.02 −0.63 0.04 −14.81
Middle allochton 1028 1450 0.62 0.03 −0.31 0.02 0.93 0.04 26.50
Upper allochton 155 87 −0.30 0.11 0.01 0.02 −0.31 0.11 −2.85
Uppermost allochton 15 8 -0.36 0.35 0.00 0.02 -0.36 0.35 -1.01
Devonian sediments 254 46 −1.43 0.15 0.05 0.02 −1.48 0.15 −9.97
Autochthon 1376 964 −0.08 0.03 0.04 0.02 −0.12 0.04 −3.05
Metamorphic
grade
No 425 197 −0.49 0.07 0.04 0.02 −0.54 0.07 −7.28
Low 572 204 −0.76 0.07 0.08 0.02 −0.83 0.07 −11.54
Medium 155 87 −0.30 0.11 0.01 0.02 −0.31 0.11 −2.85
High 3134 2771 0.15 0.02 −0.59 0.05 0.74 0.05 15.08
Quaternary
geology
Landslide deposits 489 905 0.89 0.03 −0.20 0.02 1.10 0.04 27.99
Bare rock 1709 1618 0.22 0.02 −0.18 0.02 0.40 0.04 11.37
Others 2092 736 −0.77 0.04 0.41 0.02 −1.18 0.04 −28.24
Geological
lineament
density
0.039–0.447 km km−2 2269 1023 −0.52 0.03 0.38 0.02 −0.90 0.04 −23.78
0.447–0.812 km km−2 1991 2182 0.37 0.02 −0.48 0.03 0.85 0.04 22.82
0.812–0.898 km km−2 30 54 0.86 0.14 −0.01 0.02 0.87 0.14 6.30
Uplift
2.09–3.15mmyr−1 3034 1534 −0.41 0.03 0.60 0.02 −1.01 0.04 −28.77
3.15–4.11mmyr−1 1129 1714 0.69 0.02 −0.44 0.03 1.13 0.04 32.33
4.11–4.33mmyr−1 118 11 −2.10 0.30 0.02 0.02 −2.13 0.30 −7.04
Uplift gradient
0.0002–0.0006◦ 1406 654 −0.49 0.04 0.17 0.02 −0.66 0.04 −15.17
0.0006–0.0024◦ 2885 2605 0.17 0.02 −0.49 0.04 0.66 0.04 15.17
Relative relief
45–1020m 2125 901 −0.58 0.03 0.36 0.02 −0.94 0.04 −24.08
1020–1620m 1911 2229 0.43 0.02 −0.56 0.03 0.99 0.04 26.31
1620–2217m 255 129 −0.41 0.09 0.02 0.02 −0.43 0.09 −4.75
Slope aspect
0–107◦ 1404 636 −0.52 0.04 0.18 0.02 −0.70 0.04 −15.75
107–134◦ 263 240 0.19 0.06 −0.01 0.02 0.20 0.07 2.96
134–206◦ 950 640 −0.12 0.04 0.03 0.02 −0.15 0.04 −3.43
206–332◦ 1348 1545 0.41 0.03 −0.27 0.02 0.68 0.04 19.29
332–359◦ 326 198 −0.22 0.07 0.02 0.02 −0.24 0.07 −3.26
Normal
annual total
precipitation
500–741mmyr−1 157 46 −0.95 0.15 0.02 0.02 −0.98 0.15 −6.58
741–1143mmyr−1 624 1337 1.04 0.03 −0.37 0.02 1.41 0.04 39.46
1143–3713mmyr−1 3500 1876 −0.35 0.02 0.84 0.03 −1.20 0.04 −33.73
113
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
M. Böhme et al.: Quantitative spatial analysis of rockfalls from road inventories 3
Rockfall density (points/km²)
High : 3.8
Low : 0 ¹
0 25 50 km0 200 km
Sogne Fjord
Nord Fjord
Fig. 1. Overview of the study area, Sogn & Fjordane County, displaying the rockfall density within a road buffer of 1km. This road buffer
forms the limit of the training area used for statistical analyses. The inset shows the location of the study area within Norway.
diction, namely discriminant analysis (Frattini et al., 2008),
logistic regression (Marquínez et al., 2003; Marzorati et al.,
2002; Shirzadi et al., 2012), Weights-of-Evidence (Zahiri
et al., 2006) and fuzzi logic (Blais-Stevens et al., 2012) have
been applied. In this study the Weights-of-Evidence method
is used to quantify the spatial relation between rockfalls and
their controlling parameters in order to finally compute a sus-
ceptibility map for rockfalls in the county Sogn & Fjordane.
Our focus is hereby not on the mathematical methodology
and explains thus the usage of a mathematical relatively sim-
ple model.
3.1 Weights-of-Evidence method
The Weights-of-Evidence method was first applied to spa-
tial geoscientific questions by Bonham-Carter et al. (1989).
They combined spatial evidences for mineral deposits and
produced predictive mineral potential maps. The Weights-of-
Evidence method is a probabilistic method that uses known
occurrences of a feature, termed as inventory within this
study, to quantify spatial associations between these features
and the controlling parameters that cause the features to oc-
cur (Bonham-Carter et al., 1989). Originally, the Weights-of-
Evidence method was developed as a binary approach, but in
this study the extended Weights-of-Evidence method as in-
troduced by Porwal et al. (2001) using multi-class controlling
parameters was applied. The primary aim of the Weights-of-
Evidence method is to weight and finally combine several
controlling parameters, in order to get a prediction for the
occurrence of a considered feature. However, in this study
it is primarily used as an explanatory tool in order to inves-
tigate the spatial relations between rockfalls and their con-
trolling parameters. The Weights-of-Evidence method has
been widely applied for landslide studies (e.g., Armas¸, 2012;
Kayastha et al., 2012b; Lee et al., 2002; Neuhäuser et al.,
2012; van Westen et al., 2003), but only limited for rockfalls
explicitly (Zahiri et al., 2006).
Agterberg et al. (1990), Bonham-Carter et al. (1989) and
Bonham-Carter (1994) give comprehensive descriptions of
the mathematical formulation of the Weights-of-Evidence
method. This method is well-known, and therefore only a ba-
sic introduction is given here.
In general, the Weights-of-Evidence method uses the the-
ory of conditional probability, namely the rule of Bayes. It is
based on the fact that the probability of an event, in this case
a rockfall, will depend upon several circumstances. Weights
are calculated for each controlling parameter class in order to
quantify their strength of spatial influence on rockfall suscep-
tibility, considering both the absence and presence of each
controlling parameter class. Assuming that all rockfalls are
known, probabilities can be estimated as simple volume pro-
portions. The working formulas for calculating the weights
are consequently the following:
Fig. 1. Overview of the study area, Sogn and Fjordane County, displaying the rockfall density
within a ro d buffer of 1 km. This road buffer forms the limit of the training area used for statistical
analyses. The inset shows the location of t study area within Norway.
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Fig. 2. Overview of analysed parameters. a) Rock type (SED: granular sedimentary rocks, MET: metamorphic rocks with low mechanical strength, GNE: felsic foliated rocks, PLU:
plutonic rocks, MAF: mafic and ultramafic rocks, MAR: marble, QUA: quartzite); b) tectono-stratigraphic position; c) metamorphic grade; d) quaternary geology; e) geological lineament
density; f) distance to geological lineaments; g) geomorphological lineament density; h) distance to geomorphological lineaments; i) uplift; k) uplift gradient; l) earthquake density; m)
relative relief; n) slope aspect; o) normal annual total precipitation for the period 1961-1990; p) normal annual mean temperature for the period 1961-1990.
Fig. 2. Caption on next page.
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Fig. 2. Overview of analysed parameters. (a) Rock type (SED: granular sedimentary rocks,
MET: metamorphic rocks with low mechanical strength, GNE: felsic foliated rocks, PLU: plutonic
rocks, MAF: mafic and ultramafic rocks, MAR: marble, QUA: quartzite); (b) tectono-stratigraphic
position; (c) metamorphic grade; (d) quaternary geology; (e) geological lineament density; (f)
distance to geological lineaments; (g) geomorphological lineament density; (h) distance to geo-
morphological lineaments; (i) uplift; (k) uplift gradient; (l) earthquake density; (m) relative relief;
(n) slope aspect; (o) normal annual total precipitation for the period 1961–1990; (p) normal
annual mean temperature for the period 1961–1990.
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Fig. 3. Examples for results of the spatial analysis with the Weights-of-Evidence method. All continuous parameters have been reclassified
into 40 classes each. Weights (W+ and W−) and studentised contrast stud(C) have been calculated for each class seperately (b-f) or with
cumulative descending (a) or ascending classes in order to obtain the spatial relation of each class to the occurrence of rockfalls. Horizontal
pink lines mark |stud(C)|= 2, thus all studentised contrast values above or below have a significant spatial relation. The final classifications
are indicated by blue brackets. a) Geological lineament density (cumulative descending classes). Local maxima of stud(C) are used as
breakpoints for the final reclassification. All classes right of the maximal stud(C) have a negative association to the occurrence of rockfalls,
resulting in decreasing W+ and stud(C). b) Uplift. No clear peaks, but in general a positive relation for medium to high uplift. c) Uplift
gradient. One distinct positive peak at low uplift gradient is displayed. d) Relative relief. Weights exhibit two major positive peaks. e) Slope
aspect. A clear positive relation for slopes facing SW-NW can be observed. f) Normal annual total precipitation. One major positive peak for
low precipitation values can be observed.
lineaments. Rockfalls occur preferentially within a distance
of 1400 to 3800m from a geological lineament. However, it
is questionable if the lineaments can theoretically still have
an influence on rock slope stability at those large distances.
Theoretically an increasing lineament density or a closer dis-
tance to lineaments are assumed to cause a higher amount of
fractures and subsequent an increased weathering, both re-
ducing the rock strength (Ambrosi and Crosta, 2006; Brideau
et al., 2005). The geomorphic lineament map displays no
clear relation in between lineament density nor distance to
lineaments and the occurrence of rockfalls.
6.4 Neotectonics
6.4.1 Present day uplift
The analyses of the uplift grid indicates a positive spatial re-
lation to the occurrence of rockfalls for medium to high up-
lift values, but negative relations for low and very high up-
Fig. 3. Caption on next page.
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Fig. 3. Examples for results of the spatial analysis with the Weights-of-Evidence method. All
continuous parameters have been reclassified into 40 classes each. Weights (W + and W −)
and studentised contrast stud(C) have been calculated for each class seperately (b–f) or with
cumulative descending (a) or ascending classes in order to obtain the spatial relation of each
class to the occurrence of rockfalls. Horizontal pink lines mark |stud(C)| = 2, thus all studentised
contrast values above or below have a significant spatial relation. The final classifications are
indicated by blue brackets. (a) Geological lineament density (cumulative descending classes).
Local maxima of stud(C) are used as breakpoints for the final reclassification. All classes right
of the maximal stud(C) have a negative association to the occurrence of rockfalls, resulting
in decreasing W + and stud(C). (b) Uplift. No clear peaks, but in general a positive relation
for medium to high uplift. (c) Uplift gradient. One distinct positive peak at low uplift gradient
is displayed. (d) Relative relief. Weights exhibit two major positive peaks. (e) Slope aspect.
A clear positive relation for slopes facing SW–NW can be observed. (f) Normal annual total
precipitation. One major positive peak for low precipitation values can be observed.
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Fig. 4. a) Success rate and prediction rate curve for the best perform-
ing Weights-of-Evidence model as well as success rate curve for lo-
gistic regression model using the same parameters as the Weights-
of-Evidence model. All three curves are very similar. b) Distribution
of the posterior probability for all registered rockfalls. 70% of the
rockfalls have a posterior probability larger than the prior proba-
bility of 0.0001. Posterior probabilities are classified into five sus-
ceptibility classes, indicated by coloured boxes, based on equally
percentages of registered rockfalls for each class. Each susceptibil-
ity class contains 20% of the registered rockfalls.
idated within the training area (Figure 5a). The final suscep-
tibility map is characterized by in general lower susceptibil-
ities close to the coast and higher susceptibilities further in-
land. In addition, an increasing susceptibility from north to
south can be observed.
Especially the entire inner fjord system of Sogne Fjord dis-
plays higher rockfall susceptibilities. At last the obtained sus-
ceptibility map was intersected with the source areas from
the physically based rockfall susceptibility map (Figure 5b
and Figure 6). The resulting susceptibility map is now re-
stricted to areas that are steep enough to generate rockfalls.
Susceptibility
Very low
Low
Medium
High
Very high
¹
a
b
Fig. 5. Resulting susceptibility maps based on the controlling pa-
rameters tectono-stratigraphic position, quaternary geology, geo-
logical lineament density, relative relief and slope aspect. a) Suscep-
tibility for the entire land area and b) for the phy ically determined
source zones from Derron (2010).
This is an important step, because the slope angle has not
been included into the model so far. The physically deter-
mined rockfall source areas are now updated with relative
probabilities.
8 Discussion
It has been questioned whether the existing slope failure in-
ventory in Norway is suitable for statistical analysis or not
because of its strong restrictions, mainly temporal and spatial
discontinuity and incompleteness. However, temporal and
spatial censoring of data is a problem that most inventories
face including underreporting of data, incomplete data, inad-
equate sample time intervals or protective measures in high
susceptible zones (Hungr et al., 1999). This study aimed to
Fig. 4. (a) Success rate and prediction r te curve for the b st erformin W ights-of-Evidence
model as well as success rate curve for logistic regression model using the same parameters as
theWeights-of-Evidence model. All thr e curves ar very similar. (b)Distribution of the posterior
probability for all registered rockfalls. 70% of the rockfalls have a posterior probability larger
than the prior probability of 0.0001. Posterior probabilities are classified into five susceptibility
classes, indicated by colour d boxes, based on equally percentages of registered rockfalls for
each class. Each susceptibility class contains 20% of the registered rockfalls.
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Fig. 4. a) Success rate and prediction rate curve for the best perform-
ing Weights-of-Evidence model as well as success rate curve for lo-
gistic regression model using the same parameters as the Weights-
of-Evidence model. All three curves are very similar. b) Distribution
of the posterior probability for all registered rockfalls. 70% of the
rockfalls have a posterior probability larger than the prior proba-
bility of 0.0001. Posterior probabilities are classified into five sus-
ceptibility classes, indicated by coloured boxes, based on equally
percentages of registered rockfalls for each class. Each susceptibil-
ity class contains 20% of the registered rockfalls.
idated within the training area (Figure 5a). The final suscep-
tibility map is characterized by in general lower susceptibil-
ities close to the coast and higher susceptibilities further in-
land. In addition, an increasing susceptibility from north to
south can be observed.
Especially the entire inner fjord system of Sogne Fjord dis-
plays higher rockfall susceptibilities. At last the obtained sus-
ceptibility map was intersected with the source areas from
the physically based rockfall susceptibility map (Figure 5b
and Figure 6). The resulting susceptibility map is now re-
stricted to areas that are steep enough to generate rockfalls.
Susceptibility
Very low
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Medium
High
Very high
¹
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b
Fig. 5. Resulting susceptibility maps based on the controlling pa-
rameters tectono-stratigraphic position, quaternary geology, geo-
logical lineament density, relative relief and slope aspect. a) Suscep-
tibility for the entire land area and b) for the physically determined
source zones from Derron (2010).
This is an important step, because the slope angle has not
been included into the model so far. The physically deter-
mined rockfall source areas are now updated with relative
probabilities.
8 Discussion
It has been questioned whether the existing slope failure in-
ventory in Norway is suitable for statistical analysis or not
because of its strong restrictions, mainly temporal and spatial
discontinuity and incompleteness. However, temporal and
spatial censoring of data is a problem that most inventories
face including underreporting of data, incomplete data, inad-
equate sample time intervals or protective measures in high
susceptible zones (Hungr et al., 1999). This study aimed to
Fig. 5. Resulting susceptibility maps based on the controlling parameters tectono-stratigraphic
po ition, quaternary geology, g ologic l lineament density, relative relief and slope aspect. (a)
Susceptibility for the entire land area and (b) for the physically determined source zones from
Derron (2010).
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Fig. 6. Detail of the different susceptibility maps. For the location see Figure 5. a) Susceptibility within a road buffer of 1km, which has
been used as training area for analyzing the spatial relation between rockfalls and controlling parameters as well as for validation of the
model. b) Susceptibility for the entire land area based on the model set up from a). c) Rockfall susceptibility map based on Derron (2010). d)
Combined rockfall susceptibility map displaying the physically determined source zones from Derron (2010) updated with probabilistically
assessed susceptibilities. e)Distribution of susceptibility for the registered rockfalls within the displayed area.
investigate the feasibility of statistic and probabilistic meth-
ods for analysing the inventories existing in Norway focusing
on rock slope failures. The results confirm that the existing
data in fact can be used to gain further knowledge about the
controlling factors for rock slope failures in Norway based on
statistical analysis in spite of strong restrictions. The results
are robust with respect to changes of the study area as well
as of the inventory and the restrictions have thus a limited
influence. This study demonstrated the possibility of using
road inventories for statistical analyses and should encour-
age for further analysis of the remaining inventory covering
entire Norway in order to study regional variations within the
controlling parameters.
Even if this study claims to be quantitative, a certain de-
gree of subjectivity remains, when choosing the parameters
for the final susceptibility map. Spatial relations of the con-
trolling parameters were judged based on expert knowledge
whether they are geologically reasonable or not. Detailed ge-
ological knowledge about the study area is always required in
order to be able to produce credible susceptibility maps. This
small scale susceptibility map should be primarily used as a
first order susceptibility map in order to detect hot spot ar-
eas, where critical factor combinations occur. More detailed
investigations should be performed in areas that were identi-
fied as especially critical so that more precise susceptibility
maps and additionally hazard maps can be prepared.
By replacing probabilities with relative frequencies it must
be assumed that all rockfalls are known and the applied meth-
ods are thus strongly dependent on the completeness of the
inventory (Schaeben, 2012). This is however assumed to be
not the case for this study and will thus lead to an under-
estimation of the prior probability resulting in a bias of the
weights as well as the final susceptibility (Agterberg and
Cheng, 2002). Furthermore, the calculation of the suscepti-
bility map with help of the Weights-of-Evidence method de-
pends on the assumption of conditional independence. How-
ever, even if the tests for conditional independence do not
reveal a strong violation of this assumption, a certain de-
gree of conditional dependence will always be present in
natural applications. Conditional dependence will lead to an
overestimation of the final susceptibility. Based on our ex-
perience Weights-of-Evidence is a very powerful method for
data exploration, but its application is limited for combining
datasets to a susceptibility map due to the multiple assump-
Fig. 6. Detail of the different susceptibility maps. For the location see Fig. 5. (a) Susceptibility
within a road buffer of 1 km, wh ch has en used as trai ing area for analyzing the spatial
relation between rockfalls and controlling parameters as well as for validation of the model. (b)
Susceptibility for the entire land area based on the model set up from (a). (c) Rockfall sus-
ceptibility map based on Derron (2010). (d) Combined rockfall susceptibility map displaying the
physically determined source zones from Derron (2010) updated with probabilistically assessed
susc ptibilities. (e) Distribution f susceptibility for the r gistered rockfalls within the display d
area.
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